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Abstract
We investigate the Q-ball decay into the axino dark matter in the gauge-mediated supersym-
metry breaking. In our scenario, the Q ball decays mainly into nucleons and partially into axinos
to account respectively for the baryon asymmetry and the dark matter of the universe. The Q ball
decays well before the big bang nucleosynthesis so that it is not affected by the decay. We show
the region of the parameters which realizes this scenario.
1 Introduction
The origins of baryon number asymmetry and dark matter of the universe have been discussed for
decades, but are still some of the main unsolved mysteries in cosmology. In supersymmetry (SUSY),
the lightest supersymmetric particle (LSP), with R-parity conservation, is stable and, in most cases,
scarcely interacts with other particles. These natures make the LSP a strong candidate of dark matter.
SUSY could not only give a candidate of the dark matter, but may also explain the origin of baryon
number asymmetry. In the Minimal Supersymmetric Standard Model (MSSM), there exist many flat
directions, which consist of squarks and sleptons (and the Higgs fields in some cases), thus carrying
baryon and/or lepton numbers. Therefore, the flat direction could be responsible for baryogenesis
through the Affleck-Dine (AD) mechanism [1] and is called the AD field. The AD field, carrying the
baryon number, has a large VEV during inflation. It begins rotation in the potential after inflation,
and the baryon number is created. It finally decays into quarks to become the baryon asymmetry of
the universe.
The very attractive feature of the AD mechanism is to provide both the baryon asymmetry and
dark matter of the universe simultaneously in the context of the Q-ball cosmology [2–16]. During
the rotation, the AD condensate may fragment into non-topological solitons, Q balls. These Q balls
can be dark matter if they are stable, while the LSP dark matter could be produced from unstable
Q balls. Stable Q balls form if the charge Q is large enough in the gauge-mediated SUSY breaking
[2, 6, 7]. On the other hand, Q balls are unstable in the gravity mediation producing the neutralino
LSP [3, 5, 8], the gravitino LSP [9], and the axino LSP [10], and in the gauge mediation creating the
gravitino LSP if the charge is small enough [11–14].
In this paper, we investigate a model that the Q ball decays into axino LSPs in gauge-mediated
SUSY breaking. The axino is a fermionic superpartner of the axion, which is introduced as a dynamical
scalar field to solve the strong CP problem in quantum chromodynamics known as Peccei-Quinn (PQ)
mechanism [17]. In our model, the Q ball decays mainly into nucleons and partially into axinos directly
in order to account for both the baryon asymmetry and dark matter of the universe. The decay of
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Q ball takes place well before the big bang nucleosynthesis (BBN) so that the decay itself does not
affect the BBN. The Q-ball decay could produce the lightest supersymmetric particle (LSP) of the
MSSM, whose decay may destroy light elements synthesized during the BBN. However, the MSSM
LSPs (MLSPs) would annihilate afterwards [18, 14], and the resultant abundance of the MLSPs is
small enough to avoid the serious BBN constraints typically for m3/2 . GeV.
Q balls may also decay into gravitinos in our scenario [13, 14]. In most region of the parameter
space, the branching into the gravitino is much smaller than that of the axino because of the much
stronger coupling to the axino than to the gravitino, and we may well neglect the contribution of the
gravitino abundance to the dark matter density. Also notice that we assume the axion density does
not contribute to the dark matter density in our scenario. This is simply achieved by setting the
misalignment angle small enough.
The structure of this paper is as follows. After briefly reviewing the Q-ball features in the gauge
mediation in the next section, we show the details of the decay process of the Q ball in Sec.3. In
Sec.4, we obtain the baryon and the axino dark matter abundances as well as the MLSP abundance.
In Sec.5, we show the realization of those successful scenario in the Q-ball parameters, taking also
into account the constraints on the MLSP abundance by the BBN. Finally, we summarize our results
in Sec.6. Appendices are devoted to some details of the axino productions in the SUSY axion models
which are used in the main text.
2 Q ball in gauge mediation
The AD field Φ is a combination of the squarks, the sleptons and the Higgs whose potential is flat
in the SUSY exact limit. Because of the SUSY breaking in the gauge mediation, the flat potential
is lifted such that V ∼ m2φφ2 below the messenger scale, while it is flat above the messenger scale,
V ∼ M4F [19, 2]. Here mφ is a soft SUSY breaking mass and MF is related to the F component of
a gauge-singlet chiral multiplet S in the messenger sector as M4F ≡ g
2
(4pi)4
〈FS〉2 where g is a gauge
coupling constant in the standard model, and MF is allowed in the following range:
4× 104 GeV .MF . g
1/2
4pi
√
m3/2MP , (1)
where m3/2 and MP = 2.4× 1018 GeV are the gravitino and the reduced Planck masses, respectively.
When the Hubble parameter becomes smaller than the curvature of the potential, the AD field
begins to oscillate and the baryon number is created. During the helical motion, it transforms into Q
balls. The typical charge of the formed Q ball is estimated as [4]
Q = β
(
φosc
MF
)4
, (2)
where φosc is the field amplitude when the oscillation begins, and β ' 6 × 10−4 when the oscillating
field has a nearly circular orbit  = 1 (: ellipticity of the orbit) and β ' 6× 10−5 when  . 0.1. The
charge Q is just the Φ-number, and relates to the baryon number of the Q ball as
B = bQ, (3)
where b is the baryon number carried by a Φ particle. For example, b = 13 for the udd direction. The
mass, the size, the rotation velocity and the field value at the center of the Q ball are related to the
2
charge Q as
MQ ' 4
√
2pi
3
ζMFQ
3/4, (4)
RQ ' 1√
2
ζ−1M−1F Q
1/4, (5)
ωQ '
√
2piζMFQ
−1/4, (6)
φQ ' 1√
2
ζMFQ
1/4, (7)
respectively. Here ζ is the O(1) parameter determined by the fit to numerical calculation [14], and we
adopt ζ ≈ 2.5.
3 Q-ball decay
A Q-ball decay occurs when some decay particles have the same kind of charges as the Q ball and
the mass of each decay particle is less than ωQ. Here we are interested in the case where the Q ball
decays into the quarks but not into MLSPs. It is described by the condition bmN < ωQ < mMLSP
where mN and mMLSP are the nucleon and MLSP masses, respectively. This implies that the Q-ball
charge should be Qcr < Q < QD where
Qcr = 4pi
4ζ4
(
MF
mMLSP
)4
, (8)
QD = 4pi
4ζ4
(
MF
bmN
)4
. (9)
If the Q ball decays into quarks, the Pauli blocking effects suppress the rate. Thus the decay rate ΓQ
has an upper bound Γ
(sat,d)
Q corresponding to the maximum flux of the quarks from the surface of the
Q-ball [20]. For the decay into two distinguishable particles, the upper bound is given by [14],
ΓQ . Γ(sat,d)Q '
1
Q
ω3Q
96pi2
4piR2Q '
pi2
12
√
2
MFQ
−5/4ζ. (10)
This saturation occurs approximately for feffφQ & ωQ, where feff is the effective coupling constant
by which the interaction is written as Lint = feffφ∗χη + h.c, where χ and η are the particles that the
Q-ball decays into.
The elementary process of the Q-ball decay into nucleon is squark + squark → quark + quark via
gluino exchanges for ωQ < mg˜, where mg˜ is the gluino mass. The effective coupling constant feff of
this process for φQ > mg˜ is given by feff ' mg˜φQ [21], Since we suppose mg˜ ' 1 TeV > mMLSP, we have
feffφQ
ωQ
=
mg˜
ωQ
> 1, (11)
we can see that this process is saturated. The decay rate of the Q-ball into quarks is given by [21]
Γ
(q)
Q = 1.1× 8NqΓ(sat,d) (12)
The factor 8 comes from the fact that ωQ in Eq.(10) should be replaced by 2ωQ, since this process
involves a decay of two squarks. Nq is the possible degrees of freedom of the quarks and here we set
3
Nq = 3 × 3 × 2 = 18. Therefore, Q balls decay at the cosmic time t ' 1/ΓqQ when the universe is
radiation-dominated. The cosmic temperature at the Q-ball decay is estimated as
TD '
(
90
4pi2Nd
)1/4√
Γ
(q)
Q MP,
' 67 MeV
(
MF
106 GeV
)1/2( Q
1023
)−5/8(Nq
18
)1/2( Nd
10.75
)−1/4( ζ
2.5
)1/2
, (13)
where Nd is the relativistic degrees of freedom at TD. Note that if Q-ball charge is less than [7]
Qevap ' 2.2× 1016
(
MF
106 GeV
)−4/11 ( mφ
TeV
)−8/11
, (14)
the Q ball evaporates in thermal bath, but Q-ball charge in the allowed region of the successful scenario
in this paper is large enough to survive from its evaporation.
Next, we consider the Q-ball decay into the axinos. The condition for the decay into axinos is
described by ma˜ < ωQ. Using Eq.(4), this condition is rewritten as
ma˜ < 20 GeV
(
MF
106 GeV
)(
Q
1023
)−1/4( ζ
2.5
)
. (15)
The elementary process of the Q-ball decay into the axino is squark → quark + axino. The dominant
part of the coupling comes from the logarithmically divergent part of the gluon-gluino-(s)quark loop
term. The effective coupling is given by [22]
f
(a˜)
eff =
α2s√
2pi2
mg˜
fa
log
(
fa
mg˜
)
. (16)
In the DFSZ model, there also exists a tree-level axino-quark-squark coupling, but the rate is propor-
tional to (quark mass)2 [23], which is negligible in our scenario. We thus obtain
f
(a˜)
eff φQ
ωQ
' 3.6× 10−2
(
fa
1012 GeV
)−1
log
(
fa
103 GeV
)(
Q
1023
)1/2
, (17)
where fa is the axion decay constant.
1 Here we take the coupling strength for strong interaction as
αs = 0.1 and the gluino mass mg˜ = 1 TeV. It depends on parameters fa and Q whether the decay will
be saturated. This is contrasted to the case that the decay into gravitino is not saturated [13].
The actual saturation is not determined simply by the condition f
(a˜)
eff φQ > ωQ. We also have to
consider the Pauli blocking effects of the quarks produced by the main channel of the squark decay
via q˜ + q˜ → q + q [21]. Taking this effect into account, the branching ratio for the decay into axino is
saturated for f
(a)
eff > feff , and estimated as
B
(sat)
a˜ =
Γ
(sat)
(a˜)
Γ
(q)
Q
=
1.4Γ(sat,d)
1.1× 8NqΓ(sat,d)
= 8.8× 10−3
(
Nq
18
)−1
. (18)
On the other hand, the decay into axino is suppressed by the Pauli blocking effect for f
(a)
eff < feff . We
denote the branching ratio in this case as B
(unsat)
a˜ , calculated as
B
(unsat)
a˜ '
(
f
(a˜)
eff
feff
)2
'
(
f
(a˜)
eff
φQ
mg˜
)2
= 5.1× 10−7
(
fa
1012 GeV
)−2(
log
fa
103 GeV
)2( MF
106 GeV
)2( Q
1023
)1/2( ζ
2.5
)2
. (19)
1We regard fa as fa/Nc throughout the paper, where Nc is the color anomaly of the PQ symmetry.
4
One may wonder if the gravitinos are abundantly produced by the Q-ball decay in this senario.
To this end, we estimate the ratio Ba˜/B3/2 :
Ba˜
B3/2
'

1.0× 108
( m3/2
10 MeV
)2( MF
106 GeV
)−6( Q
1023
)1/2(Nq
18
)−1( ζ
2.5
)−6 ( mg˜
1 TeV
)2
(for the saturated case),
5.8× 103
( m3/2
10 MeV
)2( fa
1012 GeV
)−2(
log
fa
103 GeV
)2
×
(
MF
106 GeV
)−4( Q
1023
)(
ζ
2.5
)−4 ( mg˜
1 TeV
)2
(for the unsaturated case).
(20)
Here we use [21]
B3/2 '
(
f3/2
feff
)2
'
(
ω2Q√
3m3/2MP
φQ
mg˜
)2
. (21)
We simply consider the parameter space which satisfies Ba˜B3/2
> 1 so that there is essentially no gravitino
production in the Q-ball decay compared to the axino production.
Q balls also decay into MLSPs (χ) when ωQ becomes larger than mMLSP. The elementary process
of the MLSP production is φ → q + χ. Since fMLSPφQ/ωQ  1 and fMLSP > feff , where fMLSP ∼ g,
the decay is saturated and the branching ratio is estimated as [14]
BMLSP =
Γ
(MLSP)
Q
Γ
(q)
Q
=
1.4Γ(sat,d)
1.1× 8NqΓ(sat,d)
= 8.8× 10−3
(
Nq
18
)−1
. (22)
4 Baryon, axino and MLSP abundances from Q-ball decay
In this section, we estimate the number densities of the baryon and the axino dark matter. We also
calculate the MLSP abundance. It is constrained by the fact that the produced MLSPs do not destroy
light elements created at BBN. The analysis largely follows Refs. [13, 14].
4.1 Baryon and axino densities
The number densities of the baryon, the axino and the MLSP are expressed in terms of the AD field
number density nφ as
nb ' bnφ, (23)
na˜ ' Ba˜nφ, (24)
nMLSP ' BMLSPQcr
Q
nφ, (25)
respectively. The ratio of dark matter to baryon energy densities is ρDM/ρb ' 5 [24], so
ρa˜
ρb
' ma˜Ba˜
mN b
' 5. (26)
5
This gives an expression for  such that
 ' ma˜
mN
Ba˜
5b
'

1.8× 10−5 b−1
( ma˜
10 MeV
)(Nq
18
)−1
(for the saturated case),
1.0× 10−9 b−1
( ma˜
10 MeV
)( fa
1012 GeV
)−2(
log
fa
103 GeV
)2
×
(
MF
106 GeV
)2( Q
1023
)1/2( ζ
2.5
)2
(for the unsaturated case).
(27)
Therefore, the orbit of the AD field is typically oblate, and we generally set β = 6× 10−5 below. The
baryon number abundance for the non-Q-ball dominated case (NQD) and the Q-ball dominated case
(QD) are estimated as [13]
Yb ≡ nb
s
=

3TD
4
nb
ρQ
∣∣∣∣
D
' 3TD
4
nb
ρQ
∣∣∣∣
osc
' 9TDb
16ωQ
(QD),
3TRH
4
nb
ρrad
∣∣∣∣
RH
' 3TRH
4
nb
ρinf
∣∣∣∣
osc
' 9
8
√
2
bβ−3/4
MFTRH
M2P
Q3/4 (NQD).
(28)
We can thus obtain the baryon abundance Yb as
Yb
10−10
∣∣∣∣NQD
sat
' 6.4× 10
( ma˜
10 MeV
)( MF
106 GeV
)(
Q
1023
)3/4( TRH
107 GeV
)(
Nq
18
)−1( β
6× 10−5
)−3/4
,
(29)
Yb
10−10
∣∣∣∣NQD
unsat
' 3.7× 10−3
( ma˜
10 MeV
)( fa
1012 GeV
)−2(
log
fa
103 GeV
)2
×
(
MF
106 GeV
)3( Q
1023
)5/4( TRH
107 GeV
)(
β
6× 10−5
)−3/4( ζ
2.5
)2
. (30)
respectively for saturated and unsaturated cases in NQD, and
Yb
10−10
∣∣∣∣QD
sat
' 1.5× 10
( ma˜
10 MeV
)( MF
106 GeV
)−1( Q
1023
)1/4( TD
3 MeV
)(
Nq
18
)−1( ζ
2.5
)−1
,(31)
Yb
10−10
∣∣∣∣QD
unsat
' 8.7× 10−4
( ma˜
10 MeV
)( fa
1012 GeV
)−2(
log
fa
103 GeV
)2
×
(
MF
106 GeV
)(
Q
1023
)3/4( TD
3 MeV
)(
ζ
2.5
)
, (32)
respectively for saturated and unsaturated cases in QD.
Notice that the ratio of the energy densities of the Q ball and the radiation produced by reheating
after inflation
ρQ
ρrad
∣∣∣∣
D
' ρQ
ρrad
∣∣∣∣
RH
TRH
TD
' Y
NQD
b
Y QDb
,
= 0.188
(
MF
106 GeV
)3/2( Q
1023
)9/8( TRH
107 GeV
)
×
(
Nq
18
)−1/2( Nd
10.75
)1/4( β
6× 10−5
)−3/4( ζ
2.5
)1/2
, (33)
determines if the Q balls dominate the universe at the decay time. Here, we used Eq.(28).
6
4.2 MLSP density
Now let us calculate the abundance of MLSPs which are produced by the Q-ball decay. We can
estimate it as
ρMLSP
s
= ma˜Ya˜
ρMLSP
ρa˜
' 5mNYbmMLSPnMLSP
ma˜na˜
' 5mNYbmMLSP
ma˜
4pi4
(
MF
mMLSP
)4
ζ4
1
Q
BMLSP
Ba˜
, (34)
where Eqs.(24) and (25) are used in the last line. In the saturated case, this becomes,
ρMLSP
s
∣∣∣
sat
' 2.8× 10−10 GeV
(
Yb
10−10
)( ma˜
10 MeV
)−1 ( mMLSP
300 GeV
)−3
×
(
MF
106 GeV
)4( Q
1023
)−1( ζ
2.5
)4
, (35)
where Eqs.(18) and (22) are used, and, in the unsaturated case, we have, using Eqs.(19) and (22),
ρMLSP
s
∣∣∣
unsat
' 4.9× 10−6 GeV
(
Yb
10−10
)( ma˜
10 MeV
)−1 ( mMLSP
300 GeV
)−3(Nq
18
)−1
×
(
fa
1012 GeV
)2(
log
(
fa
103 GeV
))−2( MF
106 GeV
)2( Q
1023
)−3/2( ζ
2.5
)2
. (36)
If the MLSP abundance from Q-ball decay is large, the annihilation takes place and the abundance
settles down to the annihilation abundances of MLSPs [18]. Those abundances are given by [14]
ρ
(ann)
MLSP
s
∣∣∣∣∣
B¯
' 6.7× 10−5 GeV
( mMLSP
300 GeV
)3( TD
3 MeV
)−1( Nd
10.75
)−1/2
, (37)
ρ
(ann)
MLSP
s
∣∣∣∣∣
τ¯
' 1.3× 10−6 GeV
( mMLSP
300 GeV
)3( TD
3 MeV
)−1( Nd
10.75
)−1/2
, (38)
for bino and stau MLSPs, respectively.
In addition, MLSPs may be produced thermally in the primordial universe. We adopt the amount
of the primordial bino and stau MLSPs in [25], respectively as
ρMLSP
s
∣∣∣B˜
pri
= 8× 10−10 GeV
( mMLSP
300 GeV
)2
, (39)
ρMLSP
s
∣∣∣τ˜
pri
= 6× 10−11 GeV
( mMLSP
300 GeV
)2
. (40)
The upper limit on the MLSP abundance is given by the fact that the decay of the MLSPs should
not affect abundances of light elements synthesized during the BBN. We assume that the MLSP is
the bino or the stau. The upper bound can then be estimated approximately as [25]
ρMLSP
s
∣∣∣
bino
.
{
5× 10−9 GeV (0.1 sec . τMLSP . 80 sec) ,
1× 10−13 GeV (80 sec . τMLSP) ,
(41)
ρMLSP
s
∣∣∣
stau
.

5× 10−6 GeV (2 sec . τMLSP . 60 sec) ,
6× 10−10 GeV (60 sec . τMLSP . 4× 103 sec) ,
1× 10−13 GeV (4× 103 sec . τMLSP) ,
(42)
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for the bino and stau MLSP cases, respectively. Here τMLSP is the life time of the MLSP and mMLSP =
300 GeV is assumed.
From the decay rate of the bino into the axino [Eq.(A.1)], and gravitino [Eq.(A.2)], the lifetimes
are approximately calculated respectively as
τ B˜MLSP→a˜ = 1.1 sec
( mMLSP
300 GeV
)−3(
1−
(
ma˜
mMLSP
)2)−3( fa
1012 GeV
)2
, (43)
τ B˜MLSP→3/2 = 3.1× 10−2 sec
( m3/2
10 MeV
)2 ( mMLSP
300 GeV
)−5
×
(
1−
(
m3/2
mMLSP
)2)−3(
1 + 3
(
m3/2
mMLSP
)2)−1
, (44)
and, from Eqs.(A.3) and (A.5), the lifetimes of the stau MLSP decay into axino and gravitino are
given as
τ τ˜MLSP→a˜ = 4.7× 103 sec
( mMLSP
300 GeV
)−1(
1−
(
ma˜
mMLSP
)2)−2
×
(
fa
1012 GeV
)2(
log
(
fa√
2mMLSP
))−2
, (45)
τ τ˜MLSP→3/2 = 2.3× 10−2 sec
( m3/2
10 MeV
)2 ( mMLSP
300 GeV
)−5(
1−
(
m3/2
mMLSP
)2)−4
, (46)
respectively. Here and hereafter, we assume ma˜ ' m3/2 2 . We then obtain the upper bound of the
MLSP abundance by using the smaller lifetime of τMLSP→a˜ and τMLSP→3/2.
We plot the MLSP abundance in Fig. 1. Green lines denote the abundance from the Q-ball decay
(35) and (36) for MF = 10
7 GeV and Q = 1024. Blue lines show the annihilation density for the bino
(37) or stau (38) MLSPs for some different TD. Orange lines represent the primordial abundance for
the bino (39) or the stau (40). Red lines are the upper limits (41) or (42). Notice that there is no BBN
limit for fa . 1011 GeV in both the bino and stau MLSP cases. Black dotted line is the abundance
that the MLSP decay gives the right amount of the gravitino dark matter. We can see that typically
ma˜ . 10 MeV is allowed for the bino MLSP case. On the other hand, for the stau MLSP case, it is
allowed for ma˜ . GeV for larger fa, while there is no limit for fa . 1012 GeV. In any case, the allowed
range of ma˜ becomes larger if the decay temperature TD is high enough.
5 Constraints on model parameters
In this section, we investigate the allowed region for the Q-ball parameters (Q, MF ). Our scenario
must explain the amounts of both the baryon asymmetry and the dark matter from the Q-ball decay.
2Although ma˜ ' m3/2 is natural, the axino mass may vary large depending on the actual models [26]. When
ma˜ < m3/2, the axino is the LSP to be dark matter, while the Q-ball decay into gravitinos can be neglected because
Ba˜
B3/2
 1 [Eq.(20)]. On the other hand, when ma˜ > m3/2, even though the gravitino is the LSP, the axino still plays a
role as dark matter, if the life time of the axino decay into gravitino and axion is longer than the age of the universe,
τa˜ > t0. In the τa˜ < t0 case, relativistic axions produced by the decay may effect the evolution of the universe.
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Figure 1: BBN constraints on the total MLSP abundance for the bino and stau MLSP (mMLSP =
300 GeV) for fa = 10
12, 1012, 1013 GeV. We set MF = 10
7 GeV and Q = 1024 as the typical values.
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We thus obtain the charge Q in terms of MF , from Eqs.(31) or (32) with Eq.(13), as
QQDsat ' 5.6× 1029
(
Yb
10−10
)−8/3 ( ma˜
10 MeV
)8/3( MF
106 GeV
)−4/3(Nq
18
)−4/3
×
(
Nd
10.75
)−2/3( ζ
2.5
)−4/3
, (47)
QQDunsat ' 4.9× 1036
(
Yb
10−10
)8 ( ma˜
10 MeV
)−8( fa
1012 GeV
)16(
log
(
fa
103 GeV
))−16
×
(
MF
106 GeV
)−12(Nq
18
)−4( Nd
10.75
)2( ζ
2.5
)−12
, (48)
for the QD case. On the other hand, in the NQD case, Eqs.(29) or (30) give the charge Q in terms of
MF and the reheating temperature TRH as
QNQDsat ' 3.9× 1020
(
Yb
10−10
)4/3 ( ma˜
10 MeV
)−4/3( MF
106 GeV
)−4/3( TRH
107 GeV
)−4/3
×
(
Nq
18
)4/3( β
6× 10−5
)
, (49)
QNQDunsat ' 8.9× 1024
(
Yb
10−10
)4/5 ( ma˜
10 MeV
)−4/5( fa
1012 GeV
)8/5(
log
(
fa
103 GeV
))−8/5
×
(
MF
106 GeV
)−12/5( TRH
107 GeV
)−4/5( β
6× 10−5
)3/5( ζ
2.5
)−8/5
. (50)
In this case, the largest reheating temperature gives the lower limit on Q, while the smallest temper-
ature leads to the upper bound. Since the smallest possible reheating temperature is simply given by
TRH,min = TD, we obtain the upper bound as
QNQDsat,U ' 8.7× 1073
(
Yb
10−10
)8 ( ma˜
10 MeV
)−8( MF
106 GeV
)−12
×
(
β
6× 10−5
)6(Nq
18
)4( Nd
10.75
)2( ζ
2.5
)−4
, (51)
QNQDunsat,U ' 9.5× 1039
(
Yb
10−10
)8/5 ( ma˜
10 MeV
)−8/5( fa
1012 GeV
)16/5(
log
(
fa
103 GeV
))−16/5
×
(
MF
106 GeV
)−28/5( β
6× 10−5
)6/5(Nq
18
)−4/5( Nd
10.75
)2/5( ζ
2.5
)−4
. (52)
The largest possible reheating temperature is obtained from the fact that the dark matter consists
of the axinos produced by the Q-ball decay and the thermally produced gravitinos or axinos cannot
be the dominant component of the dark matter:
max(ΩTHa˜ h
2,ΩTH3/2h
2) . ΩDMh2 ' 0.11, (53)
where ΩTHa˜ and Ω
TH
3/2 respectively denote the density parameters of thermally produced axino and
gravitino, and h is the Hubble constant in units of 100 km/s/Mpc. The constraint from the gravitino
is written as [27],
TRH . T (3/2)RH,max ' 7.5× 104 GeV
( ma˜
10 MeV
)( mg˜
1 TeV
)−2
, (54)
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where we use m3/2 ' ma˜ as before. Meanwhile, the constraint from the axino depends on axion
models. Here we consider two classes of axion models: the KSVZ [28] and the DFSZ [29] models. In
the KSVZ model, the thermally produced axino density parameter is estimated as Eq.(B.4), so that
the constraint (53) leads to
TRH . T (KSVZ a˜)RH,max ≡ 1.1× 106 GeV
( ma˜
10 MeV
)−1( fa
1012 GeV
)2
. (55)
In the DFSZ model, the higgsino decay through the axino-Higgsino-Higgs interaction is dominant
[Eq.(B.7)] at the low reheating temperature (TRH . 5× 107 GeV) [30], while the axino production by
scatterings is dominant [Eq.(B.5)] at the high reheating temperature (TRH & 5× 107 GeV). Thus the
abundance of thermally produced axinos can be estimated as [23]
ΩTHa˜ h
2 '

0.5
( ma˜
10 MeV
)( fa
1012 GeV
)−2 (
TRH . 5× 107 GeV
)
,
0.1
( ma˜
10 MeV
)( fa
1012 GeV
)−2( TRH
107 GeV
) (
TRH & 5× 107 GeV
)
.
(56)
For TRH & 5× 107 GeV, we obtain the upper limit on TRH as
TRH . T (DFSZ a˜)RH,max ≡ 1.1× 107 GeV
( ma˜
10 MeV
)−1( fa
1012 GeV
)2
, (57)
while, for TRH . 5× 107 GeV, the condition (53) only leads to the constraint on fa and ma˜ as( ma˜
10 MeV
)( fa
1012 GeV
)−2
. 0.22. (58)
Therefore, the largest possible reheating temperature is obtained as
TRH,max = min
(
T
(3/2)
RH,max, T
(KSVZ a˜)
RH,max or T
(DFSZ a˜)
RH,max
)
. (59)
Inserting Eqs.(54), (55) or (57) into Eqs.(49) and (50), we get the lower bound as
Q
NQD(3/2)
sat,L ' 2.7× 1023
(
Yb
10−10
)4/3 ( ma˜
10 MeV
)−8/3( MF
106 GeV
)−4/3
×
(
Nq
18
)4/3( β
6× 10−5
)( mg˜
1 TeV
)8/3
, (60)
Q
NQD(3/2)
unsat,L ' 4.5× 1026
(
Yb
10−10
)4/5 ( ma˜
10 MeV
)−8/5( fa
1012 GeV
)8/5(
log
(
fa
103 GeV
))−8/5
×
(
MF
106 GeV
)−12/5( β
6× 10−5
)3/5( ζ
2.5
)−8/5 ( mg˜
1 TeV
)8/5
, (61)
Q
NQD(KSVZ)
sat,L ' 7.4× 1021
(
Yb
10−10
)4/3( fa
1012 GeV
)−8/3( MF
106 GeV
)−4/3
×
(
Nq
18
)4/3( β
6× 10−5
)
, (62)
Q
NQD(KSVZ)
unsat,L ' 5.2× 1025
(
Yb
10−10
)2/3(
log
(
fa
103 GeV
))−8/5( MF
106 GeV
)−12/5
×
(
β
6× 10−5
)3/5( ζ
2.5
)−8/5
, (63)
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Q
NQD(DFSZ)
sat,L ' 3.4× 1020
(
Yb
10−10
)4/3( fa
1012 GeV
)−8/3( MF
106 GeV
)−4/3
×
(
Nq
18
)4/3( β
6× 10−5
)
, (64)
Q
NQD(DFSZ)
unsat,L ' 8.2× 1024
(
Yb
10−10
)4/5(
log
(
fa
103 GeV
))−8/5( MF
106 GeV
)−12/5
×
(
β
6× 10−5
)3/5( ζ
2.5
)−8/5
. (65)
We show Eqs.(47) and (48) as thick pink lines, Eqs.(51) and (52) as thick green lines, and Eqs.(60)
- (65) as thick dark green lines for fa = 10
11 − 1014 GeV respectively in Figs. 2 − 5. Here we display
only the figures with those fa and ma˜ that our scenario works. Saturation and unsaturation are
divided by the condition B
(sat)
a˜ = B
(unsat)
a˜ (See Eqs.(18) and (19)). It is rewritten as
Q = 3.0× 1031
(
fa
1012 GeV
)4(
log
(
fa
103 GeV
))−4( MF
106 GeV
)−4(Nq
18
)−2( ζ
2.5
)−4
, (66)
shown by red dashed lines in the figures. Whether Q-ball dominates or not at the decay is determined
by the condition if Eq.(33) is larger or smaller than unity. We thus have the line
Q = 4.4× 1023
(
β
6× 10−5
)2/3( TRH
107 GeV
)−8/9( MF
106 GeV
)−4/3
×
(
Nq
18
)4/9( Nd
10.75
)−2/9( ζ
2.5
)−4/9
, (67)
to separate the parameter space, where we show this for TRH = TRH,max in dark green dashed lines in
the figures.
There are four conditions for the Q-ball decay to be satisfied. The Q ball is kinematically allowed to
decay into (a) axinos and (b) nucleons. (c) Branching of the decay into gravitinos should be suppressed
compared to the decay into axinos. (d) Q-ball decay must complete before the BBN, which we assume
to be TD > 3 MeV. The condition (a) and (b) can be written as
Q . 1.5× 1028
(
MF
106 GeV
)4 ( ωQ
GeV
)−4( ζ
2.5
)4
, (68)
with ωQ = ma˜ (black lines) and ωQ = bmN (blue lines), respectively. The condition (c) is rephrased
from Eq.(20) as
Qsat & 1.0× 107
( ma˜
10 MeV
)−4(Nq
18
)2( MF
106 GeV
)12( ζ
2.5
)12 ( mg˜
1 TeV
)−4
, (69)
Qunsat & 1.7× 1019
( ma˜
10 MeV
)−2( fa
1012 GeV
)2(
log
(
fa
103 GeV
))−2( MF
106 GeV
)4
×
(
ζ
2.5
)4 ( mg˜
1 TeV
)−2
, (70)
for the saturated and unsaturated cases, respectively. They are denoted by dark red lines in the
figures. The condition (d) is given by, from Eq.(13),
Q . 1.5× 1025
(
MF
106 GeV
)4/5( TD
3 MeV
)−8/5(Nq
18
)4/5( Nd
10.75
)−2/5( ζ
2.5
)4/5
, (71)
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TD = 3 MeV
TD = 3 MeV
TD = 3 MeV TD = 3 MeV
TD = 3 MeV
Figure 2: Allowed regions for fa = 10
11 GeV in both the bino and stau MLSP cases for KSVZ models.
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TD = 3 MeV
TD = 14 GeV
TD = 3 MeV
TD = 14 GeV
bino
&
stau
stau
TD = 3 MeV
0.1 GeV
10 GeV
100 GeV
14 GeV
104 105 106 107 108 109
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
MF@GeVD
Q
ma=0.1GeV fa=1012GeV
TD = 3 MeV
TD = 3 MeV
Figure 3: Allowed regions for fa = 10
12 GeV for KSVZ models. Dark blue areas are allowed for both
the bino and stau MLSP cases, while it works only the stau MLSP in cyan areas. DFSZ case is allowed
only for ma˜ = 0.001 GeV.
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TD = 3 MeV
TD = 2.7 GeV
TD = 3 MeV
TD = 2.7 GeV
TD = 3 MeV
TD = 14 GeV
TD = 3 MeV
Figure 4: Allowed regions for fa = 10
13 GeV for KSVZ models. Dark blue areas are allowed for both
the bino and stau MLSP cases, while it works only the stau MLSP in cyan areas. DFSZ case is allowed
only for ma˜ = 0.1 and 0.1 GeV.
TD = 3 MeV
14 GeV
104 105 106 107 108 109
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
MF@GeVD
Q
ma=0.1GeV fa=1014GeV
Figure 5: Allowed regions for fa = 10
14 GeV for both KSVZ and DFSZ models. It works only for the
stau MLSP.
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displayed by orange lines with TD = 3 MeV in the figures. We also plot TD = 0.1, 10, and 100 GeV
in yellow lines.
In addition, we must have  < 1 and MF -limit (Eq.(1)). We can easily see that the former condition
is always satisfied with parameters in our successful scenario, while the latter only restricts MF as
4× 104 GeV .MF . 1.2× 107 GeV
( ma˜
10 MeV
)1/2
, (72)
shown as light green lines.
Finally, the parameter space is constrained by the upper limit on the MLSP abundance (41) or
(42), since Q can be expressed in terms of the MLSP abundance. Using Eq.(35) for the saturated
case, and Eq.(36) for the unsaturated case, we respectively obtain
Qsat ' 2.8× 1013
(
Yb
10−10
)(
ρMLSP/s
GeV
)−1 ( ma˜
10 MeV
)−1 ( mMLSP
300 GeV
)−3( MF
106 GeV
)4( ζ
2.5
)4
,
(73)
Qunsat ' 2.9× 1019
(
Yb
10−10
)2/3(ρMLSP/s
GeV
)−2/3 ( ma˜
10 MeV
)−2/3 ( mMLSP
300 GeV
)−2
×
(
fa
1012 GeV
)4/3(
log
(
fa
103 GeV
))−4/3( MF
106 GeV
)4/3(Nq
18
)−2/3( ζ
2.5
)4/3
. (74)
Thus, we obtain the lower bound on Q inserting Eq.(41) for the bino MLSP or Eq.(42) for the stau
MLSP, displayed in thick blue and magenta lines, respectively.
We hatch the allowed regions in the parameter space (Q, MF ) in these figures: the cyan areas
are for the stau MLSP and the dark blue areas are for both the bino and stau MLSP for KSVZ
case. The allowed regions for DFSZ case are surrounded by thick yellow lines, appeared only for (fa,
ma˜)= (10
12 GeV, 0.001 GeV), (1013 GeV, 0.01 GeV), (1013 GeV, 0.1 GeV), and (1014 GeV, 0.1 GeV).
In this region, the axino overproduction by the higgsino decay can be avoided. Note that typically for
the regions TD > 14 GeV for the bino MLSP case and TD > 2.7 GeV for the stau case, there is no BBN
constraints due to the large annihilations [Eqs. (37), (38)]. There are thus isolated allowed regions
in the lower part of the parameter space. We see that our scenario works in rather wide parameter
ranges, typically for Q = 1020 − 1026 and MF = 106 − 108 GeV, and for fa = 1011 − 1014 GeV with
ma˜ = 0.01− 10 GeV.
6 Summary
We have investigated the Q-ball scenario in the gauge-mediated SUSY breaking model where the Q
ball decays into axinos and nucleons, providing simultaneously dark matter and the baryon asymmetry
of the universe. The branching of the Q-ball decay into axinos is typically small, but the decay tends
to be saturated for smaller fa. This is in contrast to the branching into the gravitino which is always
unsaturated. The branching into the gravitino is mostly much smaller than that of the decay into
axinos. SUSY particles in the MSSM, e.g., the MLSPs, could be produced by the Q-ball decay,
but the MLSPs annihilate afterwards and their abundance becomes small enough to evade the BBN
constraints.
The successful scenario resides in the regions typically for ma˜ = 0.01 − 10 GeV and fa = 1011 −
1014 GeV in the KSVZ model, while the small fa region (fa . 1012 GeV) and the large ma˜ region
(ma˜ . 1 GeV) are excluded in the DFSZ model. This can be realized in the Q-ball parameters as
Q = 1020 − 1026 and MF = 106 − 108 GeV.
Finally, we comment on the free streaming of the axino. Because of the rather large kinetic energy
of the axinos emitted from Q balls, the free streaming might affect the structure formation of the
universe. For the parameters of the successful scenario, we have a shorter free streaming length than
∼ Mpc. Thus, we can safely neglect such effects.
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A Decay rates of the neutralinos into axinos and gravitinos
Now we evaluate the MLSP decay into the axinos and the gravitinos. Firstly for the bino MLSP case,
the decay rate of the bino into the axino is given by [31]
ΓB˜MLSP→a˜ =
α2emC
2
128pi3 cos4 θW
m3
B˜
f2a
(
1− m
2
a˜
m2
B˜
)3
, (A.1)
where αem = 1/137 is the electromagnetic coupling strength and θW is the Weinberg angle, C is a
model dependent parameter which we take C = 1. On the other hand, the decay rate of the bino into
the gravitino is given by [32]
ΓB˜MLSP→3/2 =
cos2 θW
48piM2P
m5
B˜
m23/2
(
1−
m23/2
m2
B˜
)3(
1 + 3
m23/2
m2
B˜
)
. (A.2)
Next we consider the stau MLSP case. The decay rate of stau into axino is given by [33]
Γτ˜MLSP→a˜ =
mτ˜
16pi
(
1− m
2
a˜
m2τ˜
)2
|A|2, (A.3)
where
A =
3α2eme
2
Q
8pi2 cos4 θW
√
2mτ˜
fa
3
mB˜
mτ˜
log
(
y2f2a
2m2τ˜
)
. (A.4)
Here we assume the bino mass as 1 TeV (only for the stau MLSP case), e2Q = C/6 and y is a model
dependent parameter which we set 1 here. On the other hand, the decay rate of the stau into the
gravitino is expressed as [34]
Γτ˜MLSP→3/2 =
m5τ˜
48pim23/2M
2
P
(
1−
m23/2
m2τ˜
)4
. (A.5)
B The thermally produced axinos in two axion models
We want to estimate the abundance of the axinos thermally produced by scattering processes. In this
paper, we adopt the results of Ref.[35]. We notice that it is only valid for small coupling regime, and
there may be ambiguities of about an order of the magnitude [35, 36, 23], or even some controversies
on the estimate of the axino-gluon-gluino coupling [37].
The axino production from the scattering via the axino-gluino-gluon interaction can be expressed
in a gauge invariant way. The axino yield, Ya˜ =
na˜
s , at present can be obtained by
Ya˜ ' Ca˜(TRH)
s(TRH)H(TRH)
, (B.1)
with the collision term for SU(N) [35]
Ca˜(T ) ' (N
2 − 1)
f2a
3ζ(3)g6T 6
4096pi7
[
log
(
1.647T 2
m2g
)
(N + nf ) + 0.4336nf
]
, (B.2)
where g is a coupling constant of SU(N) and nf is a number of SU(N) multiplet and anti-multiplet,
and mg = gT
√
N+nf
6 is the thermal SU(N)-gaugino mass. Here, we use the Hubble parameter
H(T ) =
√
g∗(T )pi2
90
T 2
MP
and the entropy density s(T ) = 2pi
2
45 g∗(T )T
3, where g∗ is the number of effectively
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massless degrees of freedom and we use g∗ = 228.75. Then the axino density parameter is estimated
as
ΩTHa˜ h
2 = ma˜Ya˜
s(T0)h
2
ρc
,
' 7.7× 10−4g6(N2 − 1)
( ma˜
GeV
)( fa
1014 GeV
)−2( TRH
107 GeV
)
×
[
log
(
3.144
g
√
N + nf
)
(N + nf ) + 0.2168nf
]
, (B.3)
where ρc is the present critical density.
When the SU(3) anomaly term is present as in the KSVZ model, Eq.(B.3) can be rewritten as
Ω
TH(KSVZ)
a˜ h
2 ' 1.0
( ma˜
10 MeV
)( fa
1012 GeV
)−2( TRH
107 GeV
)
, (B.4)
where g is the coupling constant of SU(3)C , and we use g = 0.983, the value at 10
6 GeV, and nf = 6 in
the second equality. When the SU(3) anomaly term is absent as in the case for the high temperature
regime in the DFSZ model, we need to consider the SU(2)L anomaly term [23]. Eq.(B.3) is then given
as
Ω
TH(DFSZ)
a˜ h
2 = 0.1
( ma˜
10MeV
)( fa
1012 GeV
)−2( TRH
107 GeV
)
, (B.5)
where N = 2, nf = 14 and g = 0.663, estimated at 10
6 GeV, are used.
In the DFSZ model, there also exists a tree-level axino-Higgs-higgsino coupling which contributes
to the thermally produced axinos by the higgsino decay whose decay rate is given by [30, 23]
Γh˜ ' c2H
(
µ
fa
)2 mh˜
16pi
, (B.6)
where c2H = 8. We take the higssino mass mh˜ = µ = 500 GeV. The yield of the axino from the higgsino
decay is estimated as Y
(h˜)
a˜ ' 5×10−4gh˜MPΓh˜/m2h˜, where gh˜ = 2 is the higgsino degrees of freedom [31].
Then, the axino production from this decay is dominant at the low reheating temperature, TRH .
5× 107 GeV. The density of the axino is given by [30, 23]
Ω
TH(h˜)
a˜ h
2 = 0.5
( ma˜
10MeV
)( fa
1012 GeV
)−2
. (B.7)
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